Cardiovascular disease is the leading cause of mortality in diabetic patients ([@B1],[@B2]). Whereas coronary vessel disease and atherosclerosis have been identified as the primary reasons for the increased incidence of diabetic cardiovascular dysfunction ([@B3]), a significant number of diabetic patients continue to experience left ventricular dysfunction even in the absence of coronary artery disease or hypertension ([@B4]--[@B6]). This cardiac dysfunction is referred to as diabetic cardiomyopathy ([@B4]--[@B6]). Although the causes are multifactorial, the initiating event that contributes to the development of diabetic cardiomyopathy appears to be an early maladaptation in cardiac energy metabolism ([@B7]--[@B9]) attributable to early onset of intramyocardial lipid accumulation that occurs secondary to altered substrate supply and utilization ([@B10],[@B11]). However, the involvement of intramyocardial lipid accumulation in the pathogenesis of diabetic cardiomyopathy has not been clearly defined.

Under normal aerobic conditions, cardiomyocyte ATP is obtained via oxidation of various substrates, including fatty acids (FAs), glucose, lactate, and ketone bodies ([@B12]), with FA being the primary energy substrates utilized by the heart. Because the heart has limited potential to synthesize FA, exogenous FAs are supplied to cardiomyocytes via three distinct pathways, all of which are sensitive to insulin inhibition. These pathways include triacylglycerol (TAG) hydrolysis in adipose tissue with an ensuing increase in albumin-bound FA in the plasma ([@B12]), hydrolysis of TAG in circulating lipoproteins by lipoprotein lipase ([@B9],[@B13],[@B14]), and hydrolysis of TAG stores within cardiomyocytes ([@B15],[@B16]). During diabetes, the lack of insulin action results in inadequate myocardial glucose transport and oxidation, thereby relieving insulin\'s inhibition of FA supply and utilization ([@B8],[@B15]). Furthermore, diabetes augments intramyocardial FA availability and oxidation, which promotes pathological TAG accumulation within the cardiomyocyte ([@B17],[@B18]). The majority of previous studies have primarily investigated how FA uptake and oxidation influences the progression of diabetic cardiomyopathy ([@B19]). However, the role that TAG catabolism plays in influencing metabolism and function during the development of diabetic cardiomyopathy is currently unknown.

The rate-limiting step for cytosolic TAG hydrolysis to diacylglycerol is mediated via adipose triglyceride lipase (ATGL; PNPLA2) ([@B20]--[@B23]). Consistent with the importance of ATGL in TAG hydrolysis, mice and humans with loss of ATGL activity have development of severe myocardial steatosis and lipotrophic cardiomyopathy, resulting in premature mortality ([@B20]--[@B23]). Recently, we have shown that overexpression of myocardial ATGL is sufficient to reduce TAG content and to improve systolic function in the healthy heart ([@B24]). Because FAs derived from TAG hydrolysis plays a critical role during diabetes ([@B15],[@B16],[@B25]), we investigated whether myocardial ATGL-mediated TAG hydrolysis influences cardiac function during the development of type 1 diabetes.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Mice. {#s2}
-----

Male C57BL/6J wild-type (WT; *Ins2*^WT/WT^) and type 1 diabetic Akita (*Ins2*^WT/C96Y^) mice were purchased from Jackson Laboratory (stock numbers: WT, 000664; *Ins2^WT/C96Y^*, 003548). Mice with cardiomyocyte specific ATGL overexpression driven by myosin heavy chain promoter (MHC-ATGL) and heterozygous ATGL knockout (ATGL KO Het) mice were generated in the laboratory of R.Z. ([@B20],[@B21],[@B23],[@B24]). Mice were housed on a 12-h light and12-h dark cycle with ad libitum access to chow diet (with 13.5% kcal from fat; \#5001 from Laboratory Diet) and water. Nonfasted mice of mixed gender were used. All experiments were performed according to protocols approved by the University of Alberta Institutional Animal Care and Use Committee.

Induction of diabetes using streptozotocin. {#s3}
-------------------------------------------

Mice from the MHC-ATGL colony were injected with a single intraperitoneal dose of streptozotocin (STZ; Sigma) in saline at 185 mg/kg body weight. Mice from the ATGL KO Het colony were injected with a lower dose of STZ at 165 mg/kg body weight because of significant mortality associated with this strain in response to STZ.

Echocardiography. {#s4}
-----------------

Transthoracic echocardiography was performed as described previously ([@B24]).

Tissue lipid analysis. {#s5}
----------------------

Tissue TAG and *sn*-1,2-diacylglycerol content were determined as previously described ([@B24]). Quantification of palmitoyl CoA and ceramides was performed using Waters Acquity UPLC ([@B26]--[@B28]).

Serum analysis. {#s6}
---------------

Using colorimetric assay kits, serum free FA (\#999--34691; Wako) and TAG (\#2780--400H; Infinity TAG reagent) were measured. Serum insulin was measured using an ELISA assay kit from Crystal Chem (\#90080).

Gene expression analysis. {#s7}
-------------------------

Gene expression analysis was performed using quantitative RT-PCR as previously described ([@B29]).

Immunoblot analysis. {#s8}
--------------------

Immunoblot analysis was performed as described previously ([@B24]). All densitometric data were corrected against total protein loading visualized via Ponceau S or Memcode (Pierce) staining.

Histology. {#s9}
----------

Hearts were fixed in 10% formalin and paraffin-embedded for subsequent Masson trichrome staining, followed by visualization as described previously ([@B24]).

Electron microscopy. {#s10}
--------------------

Transmission electron microscopy was performed using a Gatan Orius CCD camera (Morgagni 268 model operating at 80 kV; Philips-FEI). Left ventricular tissue was fixed in 2.5% glutaraldehyde and 2% paraformaldehyde, cut into small blocks (∼1 × 0.5 × 0.4 mm), and fixed for 24 h at room temperature. Tissue was postfixed with 1% osmium tetroxide and dehydrated using increasing concentrations of ethanol (50--100%). Blocks were embedded in Spurr resin and sectioned at 70--90 nm. Sections were stained with 4% uranyl acetate and Reynolds lead citrate.

Citrate synthase and β-hydroxyacyl-CoA dehydrogenase activity assays. {#s11}
---------------------------------------------------------------------

Spectrophotometric citrate synthase and β-hydroxyacyl-CoA dehydrogenase activity assays were performed similar to methods described previously ([@B30],[@B31]).

Heart perfusions. {#s12}
-----------------

Hearts were aerobically perfused in the working mode at 11.5 mmHg preload and 50 mmHg afterload with Krebs-Henseleit buffer containing 1.2 mmol/L palmitate prebound to 3% delipidated bovine serum albumin, 5 mmol/L glucose, and 50 μU/mL insulin as described previously ([@B24]).

Statistical analysis. {#s13}
---------------------

Results are expressed as means ± SEM. Statistical analyses were performed using Graph Pad Prism software. Comparisons between two groups were made by unpaired two-tailed Student *t* test. For comparisons between more than two groups, one-way ANOVA followed by Newman-Keuls multiple comparison test was used. To compare the respective sources of variation (genotype and treatment), data were analyzed using two-way ANOVA followed by Bonferroni post hoc test. *P* \< 0.05 was considered statistically significant.

RESULTS {#s14}
=======

Increased ATGL protein expression in the hearts of type 1 diabetic Akita mice. {#s15}
------------------------------------------------------------------------------

Because diabetic mice exhibit elevated intramyocardial TAG levels ([@B7],[@B15]), we investigated whether ATGL is altered in the heart during uncontrolled diabetes. We examined myocardial TAG content and ATGL protein expression in 12-week-old nondiabetic WT (Ins2^WT/WT^) mice and type 1 diabetic Akita (Ins2^WT/C96Y^) mice. Consistent with previous findings ([@B32]), Akita mice demonstrated characteristic features of uncontrolled diabetes, such as hyperglycemia (Ins2^WT/WT^: 9.2 ± 0.6 mmol/L glucose; Ins2^WT/C96Y^: 31.6 ± 1.7 mmol/L glucose; *n* = 5; *P* \< 0.05) and decreased body weight (Ins2^WT/WT^: 28.5 ± 0.43 g; Ins2^WT/C96Y^: 24.4 ± 0.33 g; *n* = 5; *P* \< 0.05) at an age when diastolic dysfunction also has been reported ([@B32]). Interestingly, despite increased myocardial TAG content ([Fig. 1*A*](#F1){ref-type="fig"}), elevated ATGL protein expression also was observed in Akita mice ([Fig. 1*B*, *C*](#F1){ref-type="fig"}).

![ATGL deficiency exacerbates diabetes-induced lipotoxicity and systolic dysfunction. *A*: Cardiac TAG in 12-week-old fed WT (Ins2^WT/WT^) and Akita (Ins2^WT/C96Y^) mice. *B* and *C*: Immunoblots showing cardiac ATGL protein expression in fed WT (Ins2^WT/WT^) and Akita (Ins2^WT/C96Y^) hearts (*n* = 5; \**P* \< 1 × 10^−8^). Cardiac ATGL protein expression (*D*, *E*) and cardiac TAG (*F*) in WT and ATGL haploinsufficient (ATGL KO Het) mice. Ejection fraction (*G*) and fractional shortening (*H*) by transthoracic echocardiography. *I*: Representative whole-heart sections stained with Masson trichrome for visualizing structural morphology in 13- to 15-week-old mice (*n* = 7--8). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; \*\**P* \< 0.001 vs. ATGL KO Het-SAL; @*P* \< 0.001 vs. WT STZ.](1464fig1){#F1}

Partial loss of ATGL does not protect from STZ-induced cardiac dysfunction. {#s16}
---------------------------------------------------------------------------

We originally speculated that elevated ATGL protein levels during diabetes would increase lipolysis to promote excess FA utilization, which would be detrimental to cardiac function. As a result, we hypothesized that a reduction in ATGL protein expression would be beneficial for the diabetic heart. To test this, we used saline (SAL)- and STZ-treated WT mice and mice with global heterozygous ATGL deficiency (ATGL KO Het). SAL-treated ATGL KO Het mice showed decreased ATGL protein expression ([Fig. 1*D*, *E*](#F1){ref-type="fig"}) but unchanged cardiac TAG levels ([Fig. 1*F*](#F1){ref-type="fig"}). Body weight (WT-SAL: 29.8 ± 1.5 g; ATGL KO Het-SAL: 28.4 ± 1.3 g; *n* = 7--8), serum glucose (WT-SAL: 7.7 ± 0.5 mmol/L; ATGL KO Het-SAL: 6.9 ± 0.7 mmol/L; *n* = 7--8), serum TAG (WT-SAL: 83 ± 10.1 mg/dL; ATGL KO Het-SAL: 69.7 ± 18.8 mg/dL; *n* = 7--8), systolic ([Fig. 1*G*, *H*](#F1){ref-type="fig"}) and diastolic cardiac function ([Table 1](#T1){ref-type="table"}), and overall cardiac morphology ([Fig. 1*I*](#F1){ref-type="fig"}) also were comparable between ATGL KO Het and WT mice. Thus, in the absence of diabetes, partial deficiency of ATGL does not significantly alter systemic metabolism or cardiac function.

###### 

In vivo heart function of WT and ATGL KO Het mice at 4 weeks after STZ

![](1464tbl1)

After 4 weeks of uncontrolled type 1 diabetes, the magnitude of induction of ATGL protein expression and cardiac TAG content was comparable between hearts from WT and ATGL KO Het mice ([Fig. 1*D*--*F*](#F1){ref-type="fig"}). Moreover, diabetes-induced alterations in body weight (WT STZ: 21.5 ± 0.6 g; ATGL KO Het STZ: 23.4 ± 0.4 g; *n* = 7--8), serum glucose (WT STZ: 27.4 ± 1.9 mmol/L; ATGL KO Het STZ: 24.3 ± 1.6 mmol/L; *n* = 7--8), serum TAG (WT STZ: 432.7 ± 100.7 mg/dL; ATGL KO Het STZ: 345.5 ± 97.5 mg/dL; *n* = 7--8), heart rate ([Table 1](#T1){ref-type="table"}), systolic cardiac function ([Fig. 1*G*, *H*](#F1){ref-type="fig"}), and cardiac dilatation ([Fig. 1*I*](#F1){ref-type="fig"}) were comparable between genotypes. Furthermore, ventricular wall dimensions ([Table 1](#T1){ref-type="table"}) were similar between hearts from diabetic WT and ATGL KO Het mice, suggesting the absence of overt cardiac hypertrophy. However, in contrast to our original hypothesis, markers of diastolic function such as mitral valve deceleration rate and isovolumic relaxation time were significantly increased in diabetic ATGL KO Het mice compared with WT mice ([Table 1](#T1){ref-type="table"}), suggesting that this decrease in ATGL expression after uncontrolled diabetes was associated with diastolic dysfunction. Together, these findings demonstrate that reduction of ATGL protein expression does not protect against diabetes-induced functional impairment of the myocardium.

Partial loss of ATGL does not protect from myocardial peroxisome proliferator--activated receptor-α activation and lipotoxicity after diabetes. {#s17}
-----------------------------------------------------------------------------------------------------------------------------------------------

Because peroxisome proliferator--activated receptor-α (PPARα) activation regulates myocardial lipid metabolism ([@B33]--[@B35]), we also measured protein expression of PPARα in hearts from WT and ATGL KO Het mice. In the absence of diabetes, PPARα expression tended to be higher in hearts from ATGL KO Het mice compared with WT mice ([Fig. 2*A*, *B*](#F2){ref-type="fig"}, white bars). Because PPARα mediates its metabolic outcomes via increased gene expression of specific mitochondrial proteins involved in FA sensing (UCP3) ([@B36],[@B37]) and storage (perilipin 5) ([@B38]), we also measured the expression of these proteins in both genotypes. Consistent with subtle changes in PPARα expression, protein expression of perilipin 5 and UCP3 was unchanged or decreased in ATGL KO Het hearts at baseline, respectively ([Fig. 2*A*, *C*, *D*](#F2){ref-type="fig"}). However, diabetes significantly augmented cardiac PPARα protein expression in both WT and ATGL KO Het mice with concomitant increases in perilipin 5 and UCP3 protein expression ([Fig. 2*A*--*D*](#F2){ref-type="fig"}). In agreement with the ability of PPARα to promote lipotoxicity, palmitoyl CoA ([Fig. 2*E*](#F2){ref-type="fig"}) and ceramides ([Fig. 2*F*](#F2){ref-type="fig"}) were similarly increased in both genotypes after diabetes.

![ATGL haploinsufficiency does not protect hearts from diabetes-induced PPARα activation, lipotoxicity, and mitochondrial dysfunction. *A--D*: Cardiac PPARα, perilipin 5, and UCP3 protein expression in WT and ATGL KO Het mice. Palmitoyl-CoA (*E*), ceramides (*F*), and representative electron micrographs (*G*) of heart sections visualized at 14,000× magnification. Scale bars indicate 0.5 μm. Lipid droplets are marked by *white arrows* and mitochondrial cristae dysmorphosis is indicated by *yellow arrows*. Mice were 13--15 weeks old (*n* = 7--8). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; \*\**P* \< 0.001 vs. ATGL KO Het-SAL.](1464fig2){#F2}

Based on these findings, we next examined whether PPARα activation was associated with changes in mitochondrial ultrastructure and lipid droplet accumulation. At baseline, no morphological alterations in mitochondria or significant lipid droplet accumulation were observed in hearts from ATGL KO Het mice ([Fig. 2*G*](#F2){ref-type="fig"}). After diabetes, hearts from both genotypes exhibited increased lipid droplet accumulation. However, lipid droplets were significantly enlarged in ATGL KO Het diabetic hearts (Ferret diameter expressed as nm represents the size of the lipid droplet in an average of two fields at 14,000× magnification; WT STZ 109.7 ± 8.7 nm versus ATGL KO Het STZ 176.2 ± 5.3 nm; *P = 0.0001*). ATGL KO Het hearts also displayed mitochondrial cristae dysmorphosis or mitochondrial "tear" compared with WT hearts after diabetes ([Fig. 2*G*](#F2){ref-type="fig"}). These data suggest that partial deficiency of ATGL does not significantly alter the diabetic response of transactivating PPARα ([@B39],[@B40]), promoting TAG accumulation and lipotoxic cardiomyopathy.

Diabetes-induced TAG accumulation is prevented in ATGL-overexpressing mice. {#s18}
---------------------------------------------------------------------------

Because ATGL KO Het mice were susceptible to diabetes-induced TAG accumulation and cardiac dysfunction, we speculated that MHC-ATGL mice would be protected from excessive intramyocardial TAG accumulation and cardiomyopathy after diabetes. To test this, we injected WT and MHC-ATGL mice with either SAL or STZ and studied TAG accumulation and lipotoxic FA metabolic intermediates 4 weeks thereafter. Before and after diabetes, fed glucose ([Fig. 3*A*](#F3){ref-type="fig"}), body weight ([Fig. 3*B*](#F3){ref-type="fig"}), and serum TAG levels ([Fig. 3*C*](#F3){ref-type="fig"}) were comparable between genotypes. Consistent with our previous findings ([@B24]), hearts from MHC-ATGL mice showed a significant increase in ATGL mRNA levels ([Fig. 3*D*](#F3){ref-type="fig"}) and protein expression ([Fig. 3*E*](#F3){ref-type="fig"}), as well as decreased TAG content ([Fig. 3*F*](#F3){ref-type="fig"}). After diabetes, hearts from WT, but not MHC-ATGL, mice exhibited a two-fold increase in ATGL mRNA and protein expression ([Fig. 3*D*, *E*](#F3){ref-type="fig"}) and TAG content ([Fig. 3*F*](#F3){ref-type="fig"}), as well as significantly increased lipid droplet deposition ([Fig. 3*G*](#F3){ref-type="fig"}). The reduction in TAG in hearts from diabetic MHC-ATGL mice also was accompanied by decreases in diacylglycerol content ([Fig. 3*H*](#F3){ref-type="fig"}). Taken together, these data suggest that ATGL overexpression protects the heart from increased accumulation of TAG during diabetes.

![ATGL overexpression protects against diabetes-induced lipotoxicity. Fed serum glucose (*A*), body weight (*B*), and serum TAG (*C*) in WT and MHC-ATGL mice. Cardiac *Atgl* mRNA expression (*D*) and ATGL protein expression (*E*). Cardiac TAG (*F*) and representative electron micrographs (*G*) of heart sections visualized at 14,000× magnification. Scale bars indicate 0.5 μm. Lipid droplets are marked by *white arrows*. *H*: DAG in WT and MHC-ATGL mice in the absence and presence of diabetes. Mice were 12--14 weeks old (*n* = 8--10). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; \*\**P* \< 0.001 vs. MHC ATGL-SAL; @*P* \< 0.001 vs. WT STZ.](1464fig3){#F3}

MHC-ATGL mice are resistant to diabetes-induced metabolic remodeling and lipotoxicity. {#s19}
--------------------------------------------------------------------------------------

Although diabetes impairs myocardial glucose utilization and increases FA oxidation ([@B17]), at similar heart rates ([Fig. 4*A*](#F4){ref-type="fig"}) ex vivo perfusion of diabetic MHC-ATGL hearts revealed increased glucose oxidation ([Fig. 4*B*](#F4){ref-type="fig"}) and decreased palmitate oxidation ([Fig. 4*C*](#F4){ref-type="fig"}) compared with WT hearts, resulting in increased reliance on glucose oxidation for Krebs cycle acetyl-CoA production ([Fig. 4*D*](#F4){ref-type="fig"}). Moreover, β-hydroxyacyl-CoA dehydrogenase enzyme activity ([Fig. 4*E*](#F4){ref-type="fig"}) and PGC1-α mRNA expression ([Fig. 4*F*](#F4){ref-type="fig"}), which correlates with muscle FA oxidative capacity ([@B41],[@B42]), were augmented in STZ-treated WT but not in STZ-treated MHC-ATGL mice. Importantly, enhanced lipid utilization in STZ-treated WT mice translated into increased cardiac accumulation of the lipotoxic intermediates, palmitoyl CoA ([Fig. 4*G*](#F4){ref-type="fig"}) and ceramides ([Fig. 4*H*](#F4){ref-type="fig"}), an effect that was not observed in diabetic MHC-ATGL hearts.

![ATGL-overexpressing hearts exhibit reduced palmitate oxidation after diabetes. Hearts from male 40- to 50-week-old mice were perfused for 60 min ex vivo with 1.2 mmol/L \[9, 10-^3^H\]palmitate, 5 mmol/L \[U-^14^C\]glucose, and 50 μU/mL insulin (*n* = 5--7; \**P* \< 0.05). Heart rate (*A*), glucose oxidation (*B*), palmitate oxidation (*C*), and Krebs cycle acetyl-CoA production (*D*). β-hydroxyacyl-CoA dehydrogenase enzyme activity (HADH) (*E*), cardiac *Pgc1α* mRNA expression (*F*), palmitoyl CoA (*G*), and ceramides (*H*) in 12- to 14-week-old WT and MHC ATGL mice (*n* = 6--8) in the absence or presence of diabetes. +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; @*P* \< 0.001 vs. WT STZ.](1464fig4){#F4}

MHC-ATGL mice are protected from diabetes-induced cardiac dysfunction. {#s20}
----------------------------------------------------------------------

We next investigated whether resistance to metabolic remodeling and lipotoxicity in hearts from diabetic MHC-ATGL mice translated into improved cardiac function. Diastolic function ([Table 2](#T2){ref-type="table"}) was comparable between SAL-injected WT and MHC-ATGL mice. However, as reported previously ([@B24]), systolic function at baseline was significantly enhanced in MHC-ATGL mice, as was evident from increased ejection fraction ([Fig. 5*A*--*D*](#F5){ref-type="fig"}), fractional shortening ([Fig. 5*A*, *C*](#F5){ref-type="fig"}), and circumferential fiber shortening velocity ([Fig. 5*D*](#F5){ref-type="fig"}). Mitral valve E-wave velocity also was increased in hearts from MHC-ATGL mice ([Table 2](#T2){ref-type="table"}). Importantly, in diabetic WT mice, but not diabetic MHC-ATGL mice, a significant decrease in systolic function ([Fig. 5*A*--*D*](#F5){ref-type="fig"}) was observed, which was associated with a concomitant decrease in mitral valve E-wave velocity, increased left ventricular volume at systole ([Table 2](#T2){ref-type="table"}), and augmented ejection and isovolumic contraction time.

###### 

In vivo heart function of WT and cardiac-restricted ATGL-overexpressing mice at 4 weeks after STZ

![](1464tbl2)

![ATGL overexpression protects against diabetes-induced systolic dysfunction and cardiomyopathy. Transthoracic echocardiography images (*A*), ejection fraction (*B*), fractional shortening (*C*), velocity of circumferential fiber shortening (VcF) (*D*), and representative whole-heart sections stained with Masson trichrome for visualizing structural morphology (*E*). Mice were 13--15 weeks old (*n* = 10--12). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; @*P* \< 0.001 vs. WT STZ SAL.](1464fig5){#F5}

In addition to changes in systolic function, isovolumic relaxation time was increased in hearts from diabetic WT mice, but not diabetic MHC-ATGL mice, indicating diastolic dysfunction ([Table 2](#T2){ref-type="table"}). Moreover, diabetic WT mice exhibited significant cardiac dilatation, which was not observed in diabetic MHC-ATGL mice ([Fig. 5*E*](#F5){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). These changes between genotypes were not associated with overt cardiac hypertrophy ([Table 2](#T2){ref-type="table"}). Together, these data show that cardiomyocyte-specific ATGL overexpression protects mice from development of cardiac dysfunction induced by uncontrolled diabetes.

Altered metabolism in hearts from diabetic MHC-ATGL mice occurs independent of changes in markers of glucose utilization. {#s21}
-------------------------------------------------------------------------------------------------------------------------

Because alterations in cardiac energy metabolism could underlie the limited susceptibility of MHC-ATGL hearts to diabetes-induced dysfunction, we examined markers of biochemical pathways influencing glucose and fat utilization. Enhanced glucose utilization in MHC-ATGL hearts at baseline ([@B24]) and after diabetes was independent of alterations in GLUT1 mRNA levels ([Fig. 6*A*](#F6){ref-type="fig"}). GLUT4 protein levels were lower in MHC-ATGL hearts and decreased significantly after diabetes in both genotypes ([Fig. 6*B*, *C*](#F6){ref-type="fig"}), which was not associated with changes in Akt serine 473 phosphorylation ([Fig. 6*B*, *D*](#F6){ref-type="fig"}). Although PDK4 mRNA levels were increased in both genotype after diabetes ([Fig. 6*E*](#F6){ref-type="fig"}), PDH serine 293 phosphorylation was augmented only in hearts from diabetic WT mice ([Fig. 6*F*](#F6){ref-type="fig"}), suggesting increased glucose flux in hearts from MHC-ATGL mice.

![Diabetes-induced metabolic switching is not altered in either genotype, and it is independent of GLUT levels and insulin signaling. *A*: Cardiac *GLUT1* mRNA expression.*B--D*: Immunoblot analysis for protein expression of GLUT4 and AKT phosphorylation. Cardiac *PDK4* mRNA expression (*E*) and PDH Ser293 phosphorylation (*F*) in WT and MHC ATGL mice in the absence or presence of diabetes. Mice were 13--15 weeks old (*n* = 6--8). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; \*\**P* \< 0.001 vs. MHC ATGL-SAL; @*P* \< 0.001 vs. WT STZ.](1464fig6){#F6}

Because hearts from diabetic mice are reported to have augmented TAG turnover ([@B7],[@B15],[@B16]), we also measured the expression of diacylglycerol acyltransferase 2 (*Dgat2*), which is involved in TAG synthesis. As we reported previously ([@B24]), in the absence of diabetes, *Dgat2* mRNA expression ([Fig. 7*A*](#F7){ref-type="fig"}) was reduced in hearts from MHC-ATGL mice. Whereas *Dgat2* mRNA expression increased in both genotypes after diabetes, *Dgat2* mRNA transcript levels were still significantly lower in hearts from diabetic MHC-ATGL mice ([Fig. 7*A*](#F7){ref-type="fig"}). In addition, cardiac PPARα protein expression was markedly decreased in hearts from SAL-treated MHC-ATGL mice compared with WT ([Fig. 7*B*, *C*](#F7){ref-type="fig"}), which corresponded with reduced protein expression of CD36, UCP3, perilipin 5, and long-chain acyl CoA synthetase 1 (ACSL1) ([Fig. 7*B*, *D--G*](#F7){ref-type="fig"}). Interestingly, diabetes led to increased protein expression of PPARα in hearts from WT but not from MHC-ATGL mice ([Fig. 7*B*, *C*](#F7){ref-type="fig"}). Consistent with diminished activation of PPARα, protein expressions of CD36, UCP3, and perilipin 5 were significantly reduced in hearts from diabetic MHC-ATGL mice ([Fig. 7*B*, *D--G*](#F7){ref-type="fig"}). Although diabetes did not influence ACSL1 protein expression ([Fig. 7*B*, *G*](#F7){ref-type="fig"}), ACSL1 protein content was significantly lower in hearts from STZ-treated MHC-ATGL mice compared with WT ([Fig. 7*G*](#F7){ref-type="fig"}). Together, these data show that hearts from MHC-ATGL mice displayed diminished PPARα activation and expression of proteins involved in FA utilization both at baseline and after diabetes. These findings provide a plausible explanation for the resistance to diabetes-induced myocardial lipotoxicity and metabolic remodeling in MHC-ATGL mice.

![Diabetes-induced upregulation of PPARα is not observed in mice with ATGL overexpression. *A*: Cardiac *Dgat2* mRNA expression. *B--G*: Immunoblot analysis for protein expression of PPARα (*C*), CD36 (*D*), UCP3 (*E*), perilipin 5 (*F*), and ACSL1 (*G*) in WT and MHC ATGL mice in the absence or presence of diabetes. Mice were 13--15 weeks old (*n* = 6--8). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; \*\**P* \< 0.001 vs. MHC ATGL-SAL; @*P* \< 0.001 vs. WT STZ.](1464fig7){#F7}

MHC-ATGL hearts are resistant to diabetes-induced alterations in specific electron transport chain complex protein expression. {#s22}
------------------------------------------------------------------------------------------------------------------------------

Because lipotoxicity-induced cardiac dysfunction could be secondary to changes in the mitochondrial proteome ([@B43]), we next examined the expression of relevant mitochondrial electron transport chain (ETC) proteins. In the absence of diabetes, complex II ([Fig. 8*A*, *B*](#F8){ref-type="fig"}), complex IV (mitochondrial cytochrome *c* oxidase 1; [Fig. 8*A*, *B*](#F8){ref-type="fig"}), and complex V content ([Fig. 8*A*, *B*](#F8){ref-type="fig"}) were unchanged between genotypes. However, protein expression of complex I (NADH dehydrogenase \[ubiquinone\] 1α subcomplex subunit 9) and complex III were decreased ([Fig. 8*A*, *B*](#F8){ref-type="fig"}) and increased ([Fig. 8*A*, *B*](#F8){ref-type="fig"}), respectively, in hearts from MHC-ATGL mice. Furthermore, diabetes significantly reduced myocardial protein expression of NADH dehydrogenase (ubiquinone) 1α subcomplex subunit 9 ([Fig. 8*A*, *B*](#F8){ref-type="fig"}), complex V ([Fig. 8*A*, *B*](#F8){ref-type="fig"}), and mitochondrial cytochrome oxidase 1 ([Fig. 8*A*, *B*](#F8){ref-type="fig"}) in hearts from WT mice subjected to diabetes but not in hearts from diabetic MHC-ATGL mice. Interestingly, protein expression of complex III ([Fig. 8*A*, *B*](#F8){ref-type="fig"}) was increased in hearts from WT diabetic mice, an effect not observed in hearts from STZ-treated MHC-ATGL mice. Given similar citrate synthase activity ([Fig. 8*C*](#F8){ref-type="fig"}) and nuclear respiratory factor-1 mRNA expression ([Fig. 8*D*](#F8){ref-type="fig"}) between genotypes, these changes in mitochondrial ETC protein complexes also were independent of changes in mitochondrial mass or DNA content. In light of the fact that endoplasmic reticulum (ER) stress contributes to mitochondrial dysfunction during diabetes ([@B44]), we also examined ER stress markers in hearts from WT and MHC-ATGL mice. Protein expression of GRP94, CHOP, calreticulin, ERO1α, calnexin, and phosphorylated PKR-like eukaryotic initiation factor-2α kinase as well as p38MAPK phosphorylation ([Fig. 8*E*, *F*](#F8){ref-type="fig"}) were significantly reduced in hearts from diabetic MHC-ATGL mice compared with WT mice. Together, these findings suggest that improved cardiac function in hearts from diabetic MHC-ATGL mice may be attributable to reduced ER stress and the prevention of mitochondrial ETC complex protein remodeling after diabetes.

![ATGL overexpression prevents ETC complex remodeling and reduces ER stress after diabetes. Cardiac NADH dehydrogenase (ubiquinone) 1α subcomplex subunit (NDUFA9), complex II, complex III, complex V, and mitochondrial cytochrome oxidase-1 protein expression (*A*, *B*), citrate synthase enzyme activity (*C*), cardiac *NRF1* mRNA expression (*D*), cardiac GRP94, CHOP, calreticulin, ERO1α, calnexin, phosphorylated PKR-like eukaryotic initiation factor-2α kinase (PERK) Thr^980^, p38MAPK phosphorylation, and p38MAPK protein expression (*E*, *F*) in WT and MHC ATGL mice shown as percent of WT-SAL. Mice were 13--15 weeks old (*n* = 7--8). +*P* \< 0.001 vs. WT-SAL; \**P* \< 0.001 vs. WT-SAL; @*P* \< 0.05 vs. WT STZ.](1464fig8){#F8}

DISCUSSION {#s23}
==========

Consistent with previous studies ([@B32],[@B39],[@B40],[@B45]), we show that cardiac dysfunction in both the Akita and STZ models of diabetes ([@B32],[@B40]) was associated with robust increases in cardiac TAG content and enhanced mRNA and protein expression of ATGL. Therefore, to ascertain whether increased myocardial ATGL expression during diabetes is protective or detrimental to the heart, we studied mice with either whole-body heterozygous deficiency of ATGL or cardiac-specific ATGL overexpression. In ATGL KO Het mice, diabetes-induced diastolic dysfunction was correlated with increased TAG levels, as well as palmitoyl CoA and ceramides accumulation. In contrast, the pathological increases in cardiac TAG, palmitoyl CoA, and ceramides observed in hearts from WT mice were blunted in hearts from MHC-ATGL mice, suggesting a profound resistance to diabetes-induced lipotoxic cardiac remodeling in MHC-ATGL mice. In the diabetic MHC-ATGL mice, reduced myocardial lipid content corresponded with improved cardiac function and blunted cardiac dilatation, suggesting a cardiomyocyte-autonomous beneficial effect of ATGL overexpression in the diabetic heart.

Although our data suggest otherwise, previous studies have indicated that TAG per se is not lipotoxic ([@B46]) and that TAG accumulation may be protective by channeling FA away from toxic metabolic pathways ([@B46]). However, our findings are consistent with studies demonstrating that decreases in myocardial TAG content are associated with improved cardiac function in patients with diabetes and obesity ([@B46],[@B47]). Our findings are also in agreement with other mouse models, such as cardiac apolipoprotein B overexpressors ([@B48]) and hormone-sensitive lipase transgenic mice ([@B45]), which show that enhanced intramyocardial TAG clearance reduces lipotoxicity and prevents histological and biochemical remodeling of the heart after diabetes. As such, we propose that enhanced TAG catabolism in hearts from diabetic MHC-ATGL mice protects from lipotoxicity and cardiac dysfunction. That said, we recognize that TAG accumulation could be secondary to altered TAG synthesis or increased FA uptake independent of changes in TAG catabolism. However, hearts from diabetic WT or MHC-ATGL mice both displayed induction of *Dgat2*, a TAG-synthesizing enzyme ([@B49]), indicating that alterations in TAG synthesis are unlikely to be responsible for diminished lipid accumulation within the cardiomyocyte.

Consistent with impaired myocardial glucose utilization in diabetes ([@B4],[@B5],[@B10]), hearts from diabetic WT mice exhibited diminished glucose oxidation and hyperphosphorylation of PDH. This impaired glucose utilization also was reflected by an increased reliance on FA oxidation and upregulated β-hydroxyacyl-CoA dehydrogenase activity as well as PPAR-γ coactivator-1α mRNA levels. In contrast, hearts from control and diabetic MHC-ATGL mice exhibited decreased FA oxidation that resulted in increased glucose utilization at baseline ([@B24]) and following uncontrolled diabetes. Interestingly, despite enhanced FA availability induced by diabetes, hearts from MHC-ATGL mice displayed decreased expression of PPARα and its downstream targets perilipin 5, CD36, UCP3, and ACSL1 at baseline and after diabetes compared with WT mice (a finding that was not observed in hearts from WT and ATGL KO Het mice). These opposing diabetic phenotypes observed in mice with loss and gain of ATGL activity are reminiscent of cardiomyocyte-specific PPARα-overexpressing mice that develop cardiac steatosis, dilatation, and systolic dysfunction, whereas diabetic PPARα KO mice do not ([@B10],[@B12],[@B13]). Similar to ATGL-overexpressing mice, cardiomyocyte-specific hormone-sensitive lipase transgenic mice also display diminished induction of PPARα mRNA expression in response to diabetes ([@B45]), suggestive of a mechanism that likely inhibits diabetes-induced TAG accumulation and cardiac dysfunction. As such, we propose that the inability to expand the myocardial TAG pool in hearts from MHC-ATGL mice leads to decreased PPARα signaling, reduced FA oxidation, and increased reliance on glucose for ATP production not only at baseline ([@B24]) but also after uncontrolled diabetes. MHC-ATGL mice also exhibited decreased CD36 levels, suggesting that in addition to reduced TAG accumulation, decreased FA uptake also could be involved in the protection against diabetes-induced cardiac dysfunction. Although we cannot provide evidence why our findings appear to be contrary to the observation that ATGL provides ligands to activate PPARα ([@B21]), we proposed that this disparity may be attributable to the fact that ATGL overexpression in our study is constitutive with unchanged ATGL levels in all other cell types and without alterations in plasma lipids.

Mitochondrial dysfunction during diabetes is likely attributable to altered expression of ETC respiratory complexes ([@B5],[@B43],[@B50],[@B51]) secondary to ER stress ([@B44],[@B52],[@B53]). Loss of ATGL during diabetes precipitated mitochondrial cristae dysmorphosis, an effect not observed in ATGL overexpressors. Furthermore, hearts from diabetic MHC-ATGL mice exhibited reduced expression of ER stress markers, which likely prevented decreases in NADH dehydrogenase (ubiquinone) 1α subcomplex subunit 9, mitochondrial cytochrome oxidase-1, and complex V subunit expression independent of changes in markers of mitochondrial mass or biogenesis such as nuclear respiratory factor-1 mRNA levels and citrate synthase activity ([@B54]). Taken together, we propose that during early stages of diabetes (4 weeks), robust TAG clearance after ATGL overexpression reduces expression of ER stress markers, preserves ETC protein content, and protects hearts from cardiac dysfunction.

In conclusion, pathological intramyocardial TAG accumulation is a hallmark of diabetic heart disease ([@B1],[@B7]--[@B9],[@B12]). However, the role that ATGL plays in the pathogenesis of diabetic cardiomyopathy has not been previously studied. Herein, we show that partial loss of whole-body ATGL did not alter TAG accumulation or ameliorate lipotoxicity, PPARα activation, and diastolic dysfunction after diabetes. In contrast, mice with cardiomyocyte-specific ATGL overexpression were resistant to diabetes-induced increases in myocardial TAG and lipotoxic intermediate accumulation as well as PPARα activation. Together, the prevention of these effects corresponded with decreased reliance on FA oxidation and preserved cardiac function in diabetic mice. As such, our data suggest that increased cardiac ATGL expression during diabetes is an adaptive, albeit insufficient, response to compensate for the increased accumulation of intramyocardial TAG. We also conclude that further augmentation of ATGL expression in the heart is sufficient to ameliorate diabetes-induced steatosis and cardiomyopathy.
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